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ABSTRACT

The Greenhouse gases, Regulated Emissions and Energy use in Transportation
(GREET) model has been expanded to include four new cathode materials that
can be used in the analysis of battery-powered vehicles: lithium nickel cobalt
manganese oxide (LiNio.4C00.2Mng.402 [NMC]), lithium iron phosphate (LiFePO4
[LFP]), lithium cobalt oxide (LiCoO2 [LCQ]), and an advanced lithium cathode
(0.5Li2Mn0O3-0.5LiNi0.44C00.25Mno.3102 [LMR-NMC]). In GREET, these cathode
materials are incorporated into batteries with graphite anodes. In the case of the
LMR-NMC cathode, the anode is either graphite or a graphite-silicon blend.
Lithium metal is also an emerging anode material. This report documents the
material and energy flows of producing each of these cathode and anode materials
from raw material extraction through the preparation stage. For some cathode
materials, we considered solid state and hydrothermal preparation methods.
Further, we used Argonne National Laboratory’s Battery Performance and Cost
(BatPaC) model to determine battery composition (e.g., masses of cathode, anode,
electrolyte, housing materials) when different cathode materials were used in the
battery. Our analysis concluded that cobalt- and nickel-containing compounds are
the most energy intensive to produce.



1 INTRODUCTION

Lithium-ion batteries can incorporate several different types of cathode materials.
Lithium cobalt oxide (LiCoO2, or LCO), a layered transition metal oxide, is the most common
cathode material, particularly for use in consumer electronic applications. Alternatives to this
cathode material are sought to either eliminate or reduce cobalt in cathode materials because of
its high cost and limited availability. In addition, LCO has limited stability compared to other
cathode materials and can exhibit a decline in performance during recharging (Fergus 2010).
Adding nickel, which costs less and has a higher capacity than cobalt, to the layered cathode
material can increase stability during delithiation, which occurs during charging, and improve
cycling performance. Lithium manganese oxide (LiMn2O4, or LMO) is also considered a
promising cathode material and is a primary constituent in the cathodes of commercial hybrid
electric vehicle (HEV), plug-in HEV (PHEV), and EV batteries. Unlike layered metal oxide
cathode materials that have a planar structure, LMO has a spinel structure, which creates three-
dimensional routes for lithiation and delithiation. LMO is significantly less expensive than
cobalt-containing cathode materials because of the high manganese content. An important
disadvantage of LMO is its lower capacity compared to layered transition metal oxide cathode
materials with cobalt and/or nickel. LMO also suffers from accelerated full cell decay when
exposed to the elevated temperatures that commonly occur during operation. Lithium iron
phosphate (LiFePQOgs, or LFP), with an olivine structure, has become another popular material
owing to its great thermal stability. LFP, however, has low conductivity that is generally
improved with a carbon coating. As with LMO, the energy density of LFP is lower than
traditional layered metal oxide cathode materials; however, LFP and LMO are both less
expensive on a mass basis than the layered materials.

Figure 1 outlines the processes involved in battery production and assembly, or the
cradle-to-gate portion of a battery’s life cycle. The choice of materials used in the battery,
including the choice of cathode material, affects the energy consumed and air pollutants,
including greenhouse gases (GHGs), emitted from cradle-to-gate. In earlier research, we
developed detailed material and energy flow data for the production of LMO (Dunn et al. 2014).
These data were incorporated into the vehicle cycle module of Argonne National Laboratory’s
(Argonne’s) Greenhouse gases, Regulated Emissions and Energy use in Transportation
(GREET2) model and analyzed to identify the key contributors to LMO battery production and
assembly (Dunn et al. 2012b). One other environmental analysis of lithium-ion batteries
considered LMO as the cathode (Notter et al. 2010). Another examined nickel metal hydride,
NMC, and LFP (Majeau-Bettez et al. 2011) as the cathode materials. Other recent reports
focused on NMC cathode materials (Ellingsen et al. 2014) and silicon nanowires as the anode
with NMC as the cathode (Li et al. 2014). Prior to the present analysis, only LMO was included
as a cathode material in GREET.
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Figure 1 Battery Cradle-to-Gate Diagram with Examples of Processes in Each Phase

This report (Section 2) develops material and energy flows for the following cathode
materials: LCO, LFP, lithium nickel cobalt manganese oxide (LiNig.4C002Mng.4O2, or NMC),
and the lithium and manganese-rich metal oxide 0.5Li2MnO3-0.5LiNio.44C00.25Mno 3102
(LMR-NMC). The latter cathode material is under development at Argonne National Laboratory.
LMR-NMC was included in this study because it is a promising material with high energy
density and low cost. The main drawback to this material, however, is that it degrades quickly.
NMC, LFP, and LCO were all chosen because they are commonly used and are reasonably
successful (Fergus 2010). Table 1 outlines the capacity, advantages, and drawbacks of the
different cathodes for which material and energy flows are developed in this report, as well as for
lithium manganese oxide (LMO). The anode materials included in GREET are graphite and
silicon. In GREET, silicon is only used in combination with graphite for batteries with an
LMR-NMC cathode material.

It is important to emphasize that the material and energy flows developed in this report
are subject to large uncertainties. First, the preparation techniques for some of these cathode
materials (e.g., LMR-NMC) are either under development or are not at commercial scale.
Second, even for cathode materials produced at commercial scale (i.e., LCO), publicly available
data on the energy and materials consumed in their preparation are scarce. In our analysis, we
rely on public information in patents and journal articles to develop material and energy flows.
Results should therefore be interpreted as an estimate of the energy and environmental intensity
of preparing these cathodes. Because they were developed with a consistent methodology, the
estimates can be cross-compared to assess which cathode materials are likely to be more energy-
and emissions-intensive to produce. In addition, the analysis can be used to identify the most
intensive steps in the production of any one cathode material and subsequently help guide
research and development decisions to minimize energy consumption and environmental
impacts. Moreover, cathode developers can populate GREET with cathode-specific data to
assess the supply chain of the cathodes they are examining.

The amounts of cathode material, anode material, electrolyte, and structural materials
used in batteries for hybrid electric vehicles (HEVs), plug-in HEVs (PHEV), and battery electric
vehicles (BEVs) are determined by modeling the batteries with Argonne National Laboratory’s
Battery Performance and Cost (BatPaC) model (Nelson et al. 2011). We describe this modeling
in Section 3 of this report. Appendix A contains BatPaC results for different vehicle types
(HEVs, PHEVs, BEVs) with different cathode materials.



After the battery use phase, which can be modeled with the fuel cycle model of GREET
(GREET 1), the battery could be disposed or recycled. An additional option for end-of-life is
battery repurposing as an energy storage device (Neubauer and Pesaran 2010). In our previous
work (Dunn et al. 2014), we developed material and energy flow data for three battery recycling
technologies, a pyrometallurgical process that recovers LCO, an intermediate process that
recovers cobalt and Li-COs separately, and a direct process that recovers LCO and requires some
relithiation of the cathode material. GREET as released in July 2012 contained data for recycling
of LCO cathode batteries with the pyrometallurgical process. Now it has been expanded to
consider intermediate and direct recycling for NMC, LMR-NMC, LCO, and LFP. As noted in
earlier publications, the material and energy flow data we developed for battery recycling
technologies is subject to significant uncertainty because these technologies are still emerging,
and public information concerning their energy and material intensity is limited.



Table 1 Cathode Material Properties (BatPaC)
Specific Energy
(Wh/kg vs. Capacity
Chemical Formula Abbreviation Li-metal) (mA/g) Advantage(s) Drawback(s)
LiMn,04 LMO 405 100 Low cost Lower energy density
High power density Accelerated capacity fade
LiCoO; LCO 610 150 High energy density High cost
Moderate stability
LiFePO, LFP 515 150 High power density Lower energy density
Very stable
LiNio.4C00.2Mng.40; NMC 675 150 Performs well for all metrics Moderate cost
Moderate stability
0.5Li2MnO3 LMR-NMC 940 250 High energy density Not commercial

0.5LiNi0.44C00.25Mng 310,

Low cost

Degrades quickly




2 ENERGY INTENSITY OF ELECTRODE MATERIAL
AND PRECURSOR PRODUCTION

In this section, we describe in detail the production of four cathode materials: NMC (2.1),
LFP (2.2), LCO (2.3), and LMR-NMC (2.4). In addition, we document data sources used in the
development of the silicon data in GREET (2.5). Each subsection contains a diagram of the
production of each cathode material. The final step in this supply chain is the preparation of the
cathode material. For LCO and LFP, we considered two types of preparation, hydrothermal (HT)
and solid state (SS). When necessary, we develop material and energy flow data for compounds
that were not included in GREET as released in July 2012. We note that the energy values in this
report are purchased energy, or the energy consumed at the facility that is producing each
compound in the supply chain, and are reported as lower heating values (LHVs). When these
purchased energy data are incorporated in GREET, the full fuel cycle energy is calculated based
on GREET parameters for the energy consumed in the provision of energy to the point of use.
For example, GREET calculates that approximately 1.1 million Btu (mmBtu) are consumed to
provide 1 mmBtu of natural gas. The analysis of cathode materials uses some pre-existing
GREET data for the following cathode material precursors: lithium hydroxide (Dunn et al.
2014), sodium hydroxide (Dunn et al. 2012a), nickel oxide (Burnham et al. 2006), cobalt oxide
(Burnham et al. 2006), manganese carbonate ore (Burnham et al. 2006), ammonia (Johnson et al.
2013), phosphoric acid (H3PO4) (Johnson et al. 2013), lithium carbonate (Li.COz) (Dunn et al.
2014), diammonium phosphate (Johnson et al. 2013), hydrochloric acid (Dunn et al. 2014), and
graphite (Dunn et al. 2014). It is important to note that the energy and material flow data we
generate in the following subsections simplify the processes to produce cathodes and their
precursors and therefore should be regarded as estimates based on engineering calculations. We
exclude steps that would occur in actual facilities such as transport of materials around facilities
and waste and air emissions treatment and treat heat integration simply. Should data become
available to improve these estimates, the estimates in GREET will be revised along with this
technical report.

2.1 Material and Energy Flows in the Preparation of NMC
Figure 2 depicts the production of NMC from the production of metal sulfates to the final

preparation of the cathode material by a solid state synthesis method. The following subsections
provide data underpinning GREET parameters for each of these steps.
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Figure 2 Production of NMC (Note that co-products such as
Cl2 production from sodium brine electrolysis are not shown.
Co-product allocation is handled within GREET as described
in this report or earlier reports as cited herein.)

2.1.1 Production of Metal Sulfates

Three metal sulfates are used in the preparation of NMC: nickel sulfate, manganese
sulfate, and cobalt sulfate. Production of each of the sulfates begins with mining of the metal.

Two types of nickel ore are mined and generally purified for example by electrolytic
refining (Tundermann et al. 2013). One type is sulfide ore, which historically has been the
dominant nickel source. The second ore type is called laterite and production from this ore is
increasing (Mudd 2009). In the case of sulfide ore, nickel is in a physical mixture with iron and
copper. These distinct metals can be concentrated by mechanical techniques like flotation
(Tundermann et al. 2013). After these physical techniques, sulfide ores undergo
pyrometallurgical processes such as smelting and roasting. After these steps and additional, high-
temperature purification steps, the resulting nickel sulfide is either cast into anodes to facilitate
electrolysis in the production of high-purity nickel or roasted to produce a nickel oxide sinter.



Separation of nickel from laterite ores, on the other hand, requires chemical techniques to
extract nickel. One option involves pyrometallurgical processes that produce a nickel matte. The
oxide can be produced from roasting the nickel matte. Hydrometallurgical processes leach the
ore with ammonia or sulfuric acid. In the latter case, nickel enters solution, which is then purified
and produces nickel sulfides, which can be converted to a sulfate solution.

Several techniques are possible to produce nickel sulfate solutions including the above.
Because the data for nickel currently in GREET is for nickel oxide, we adopted a pathway to
nickel sulfate in which nickel oxide is mixed and reacts with sulfuric acid (dilute aqueous
solution, assumed to be 9.82 wt%) at 49°C (Antonsen and Meshri 2005). We assume that the
heat of mixing and reaction are negligible. The energy consumed in producing NiSOs is then the
energy associated with heating the reactants, which are the H,SO4 solution and the NiO. We

adopt a heat capacity (Cp) of 3.84 gic for the 9.92 wt% solution of HSO4 (Perry and Green

1997). The Cp of the NiO is the average of its value at 25°C and 49°C as calculated with
Equation 1 (Perry and Green 1997).

Cpnio = 11.3 + 0.00215T [1]
where T is the temperature (K) at which the Cy is being calculated.

In future research, we will consider differences in the production of nickel (and
associated cobalt) from different types of ores and purification processes.

We used Equation 2 to calculate the energy consumed in heating both the H.SO4 solution
and the NiO without considering any mixing effects. We assumed that a natural gas boiler
provides the requisite energy for NiSO4 production with an efficiency rate of 80%. As a result,
the input value for energy consumption of NiSO4 production in GREET is 0.66 mmBtu/ton
NiSO4. The amount of H2SO4 and NiO consumed in the reaction is based on stoichiometry.

s = CpAT [2]

Cobalt can be recovered in oxide, pure metal, or, in some cases, sulfate form, although
the process to produce the sulfate suffers from inefficiencies and severe operating conditions
(Hodge et al. 2010). Without specific information on the production of battery-grade CoSQO4, we
model its production from the reaction of the metal oxide (CoO) and H2SO4 (Richardson 2003).
Similarly, MnSOs is assumed to be produced from the combination of a mining product (MnO)
and H2SOs in a simple mixing step (Pisarczyk 2005) that does not require heat input. For the
preparation of Co and Mn sulfates, we again assumed that the heat of reaction is negligible. As a
result, the energy and environmental burdens associated with the two sulfates are those from the
production of the raw materials, which we assumed are consumed in stoichiometric amounts.
Existing GREET data for CoO, MnO, and H2SO4 (Burnham et al. 2006) were used. It is
important to note that the metal sulfates here may require additional processing, such as
electrolytic processes, which we did not consider, to achieve a battery-grade metal purity.
Further investigation of the supply chain of cathode metals Co and Ni will be a topic of future
research.



2.1.2 Preparation of Nig4C00.2Mno4(OH). Precursor

The calculations for Nio.4Coo.2Mno.4(OH)2 were based on a procedure to produce
Ni13C013Mn13(OH)z2 in a continuously stirred tank reactor (CSTR) at 60°C as proposed by
Lee et al. (2004). The metal sulfate solutions are added at a concentration of 2/3 mol/L. NaOH is
added to the solution in a stoichiometric amount. We adopted the mid-range value of NHsOH
consumed—0.24 mol/L—as reported in Lee et al. (2004).

We adopted the methodology of Majeau-Bettez et al. (2011) to calculate the total
purchased energy (q) for the preparation of this precursor as the sum of the heat used in the
reactor (qcstr), the energy required for stirring the CSTR (gstir), and the energy required to heat
the solution (gsoivent) as outlined in Equations 3-5. We also included the energy required to dry
the product. The sum of the energy required to heat the solvent and dry the product is halved
because we assume that half of this heat can be recovered and re-used in the process through heat
integration.

q
denemoH = qcsTr t Gstir T % + Gary [3]

where:

gt,nmcoH IS the total purchased energy consumed in the preparation of
Ni0.4C00.2Mno.4(OH)z;

gcsTr IS the energy consumed in heating the reactor;

Qstir 1S the energy consumed in stirring the reactor; and

Qary IS the energy consumed in drying the product.

AA(T,-To)t;
qcstr = —r 0 [4]

X

where:

A is the thermal conductivity of the insulation (0.04 %);

x is the thickness of the insulation (0.1 m);

A is the surface area of the reactor (25 m?);

To is the reactor wall temperature (25°C);

T: is the temperature of the reactor (60°C); and
tr is the reaction time (12 hours).

The solvent must be heated from 25°C to 60°C. The purchased energy consumed in this
step is calculated with Equation 5, in which we make the simplifying assumption that the
solution is mostly water. Heating the solvent consumes natural gas combusted in an 80%
efficient boiler.



qs = ZCp AT + AHvap [5]
where:

Cypis the average heat capacity of water between 25°C and 60°C;

AT is the change in temperature for the drying step; and

AHygp is the heat of vaporization of water (3.05 MJ/kg H-O), added only if water is heated
above its boiling point.

The energy consumed in that step to heat the water is also calculated with Equation 5. We
again assume that half of the heat used in the drying step can be recovered. The total process
energy is calculated with Equation 3.

The energy (electricity) consumed in stirring (20.92 MJ/hr) is based on a CSTR in a
process design report (Humbird et al. 2011).

When all contributors to purchased energy consumption in the preparation of this
precursor are combined, the result is 8.8 mmBtu/ton Nio4C0o.2Mng.4(OH)2 produced. A total of
99% of the consumed energy is in the form of natural gas; the balance is electricity.

2.1.3 Solid-State Preparation of NMC

Calculation of the energy consumed in the solid state preparation of NMC is based upon
the work of Majeau-Bettez et al. (2011) (Figure 2). In this process, solid lithium hydroxide
(LiOH) is mixed with Nio.4C00.2Mno.4(OH)2. The mixture is ground and pelletized, precalcinated,
reground, repelletized, and then heated to form LiNio.4C002Mno 402, which is one of the cathode
materials.

The energy consumed in the process includes the energy expended to heat both the

reactor and the reactants as in Equation 6. In the absence of sufficient physical property data to
calculate the heat of the reaction, we neglect it.

Qtotal,NCM = Goven + Qreactants [6]
where:
Gtotal,nmc = the total purchased energy consumed in the preparation of NMC;
Joven = purchased energy consumed in heating the oven; and

Oreactants = purchased energy consumed in heating the reactants.

Qreactants TOr each step was calculated with Equation 7. The mixture was heated from room
temperature to 450°C and then from room temperature to 800°C.

Qreactants = CpAT [7]

10



where:

Cy is the heat capacity of the solid reactants [1.05 J/g°C] (Perry and Green 1997); and
AT is the change in temperature.

The energy required to heat the oven, goven, Was calculated with Equation 8, assuming
that 0.55 kg of LiNio.4C00.2Mno.402 was produced per liter of input (Majeau-Bettez et al. 2011).
Key assumptions in its calculation, based on Majeau-Bettez et al. (2011), were that the chamber
furnace has a volume of 8,300 L and is 33% efficient. Furthermore, the precalcination step was
assumed to be at 450°C, requiring 12.5 kW for 12 hours, whereas the heating step was assumed
to be at 800°C, requiring 100 KW for 8 hours.

Qoven = Pltl + P2t2 [8]
where:

Qoven IS the energy required to heat the oven;

P1 is the electricity consumed during precalcination [12 kW];

t1 is the duration of the precalcination step [12 hours];

P- is the electricity consumed during the heating step [100 kW]; and
t> is the duration of the heating step [8 hours].

Note that it is unlikely that power would need to be supplied at the same levels over the
entire 8-hour reaction once the reactor was at temperature. This estimate therefore serves as an
upper bound for energy consumption. Material consumption for this reaction is based on
stoichiometry.

2.1.4 Oxygen and Lithium Hydroxide

Electricity consumption in the separation of air to produce oxygen was determined from
the National Energy Technology Laboratory (NETL) (2007) to be 1.1 mmBtu/ton O,. This value
is very close to that reported by Franklin Associates (2011), 1.3 mmBtu/ton Oa.

In a previous report (Dunn et al. 2014), we describe the co-production of lithium
carbonate (Li2COz) and lithium hydroxide (LiOH) at a facility in Nevada. Table 2 and Table 3
detail the energy consumption and emissions generated in this process, which are allocated
between the co-products on a mass basis.
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Table 2 Purchased Energy Consumption during LiOH and Li,CO3
Production in Nevada?

Energy
Consumption

Equipment (mmBtu/ton LiOH) Fuel
Two boilers 32 Residual oil
Dryer 1.9 Propane
Pumps 2.0 Off-road diesel
Mobile equipment 3.3 Off-road diesel
Total 39

& Sources: Garrett (2004); NCNR (2010).

Table 3 Emissions from LiOH and Li,CO; Production in Nevada

Pollutant Emissions (g/ton LiOH)
Material Handling: PM1¢? 844
Combustion: ® PMyo° 126
SO, 0.76
NOx 115
CO 19
VOC 2.4

2 Emissions from material handling operations including pond
liming, soda ash conveying, lithium carbonate lime system, transfer
conveyer, warehouse bin, milled Li,COs air classifier system,
Li.COs handling, lime handling, and LiOH packaging.

®  Combustion in the propane-fired rotary dryer. Other fossil fuel
combustion emissions are calculated in GREET from the fuel
throughput.

¢ PM = particulate matter; SO, = sulfur dioxide; NOy = nitrogen
oxide; CO = carbon monoxide; and VOC = volatile organic
compound.

2.2 Preparation of LiFePO4 and Production of Its Precursors

For the production of LFP, we compared two alternative preparation techniques:
hydrothermal and solid state. Although the solid-state technique occurs at a higher temperature,
the hydrothermal technique requires the heating of water in addition to the reactants. The
following sections describe these two pathways, as well as material and energy flows for
LFP precursors.
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2.2.1 Hydrothermal Synthesis of LiFePO4

Figure 3 depicts the full pathway for the hydrothermal preparation of LFP. Material and
energy flows for LiOH (Section 2.1.4) and phosphoric acid (Johnson et al. 2013) are provided
elsewhere. The steel industry produces iron sulfate (FeSO4) as a waste product
(Stolzenberg 2004). We therefore did not assign energy or environmental burdens to its
production.

The following subsections provide material and energy flows for each of these steps.
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Figure 3 Cradle-to-Gate Preparation of LFP with a Hydrothermal
Preparation Step
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We again based our calculation of energy consumed in the preparation step itself on the
approach of Majeau-Bettez et al. (2011) following Equations 3-5. To calculate gcstr, We used
the parameters in Table 4. Majeau-Bettez et al. (2011) used data from Chen and Whittingham
(2006) to develop the parameters in their analysis. These researchers used an autoclave reactor
that was not stirred. Therefore, we do not include gstir in our estimation of the energy consumed
during hydrothermal preparation of LFP.
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Table 4 Parameters for Equations 3-5 for
the Hydrothermal Preparation of LFP
(Source: Majeau-Bettez et al. 2011)

Parameter Value
X 0.1m
A 25 m?
A 0.04 W/(m K)
To 50°C
T, 200°C
t 5 hours

Equation 5 was used to calculate the energy required to heat the reactants from 25°C to
200°C. We assumed that the reactant mixture is mostly water and used the average heat capacity
of water at the temperature endpoints. As with the hydrothermal preparation of NMC, we
estimated that half of the energy used to heat the solution was recovered. The total required
energy per ton of LiFePO4 was calculated by assuming an initial concentration of FeSO4 of
22 g/L, that 1 mole of FeSO4 was required to produce 1 mole of LiFePOs, and that the reaction
proceeds to completion (Majeau-Bettez et al. 2011; Chen and Whittingham 2006). A co-product
forms in this reaction (see Equation 9). For every mole of LFP formed, 1 mole of Li>SO4 forms.
Raw material and energy consumption were allocated between these two products on a mass
basis. The resulting energy consumption for the preparation step is 31 mmBtu/ton LFP.

3Ll0H(aq) + H3P04 (aq) + FeSO4 (aq) - LlF€P04, () + LlZSO4 (aq) + 3H20 [9]

2.2.2 Solid-State Synthesis of LiFePO.

Alternatively, LFP can be produced by a solid-state reaction (Equation 10). The cradle-
to-gate pathway for this approach is shown in Figure 4. We selected a solid-state preparation
method patented by Dai et al. (2012). Their method combines a lithium compound, an iron
compound, and a phosphorous compound. We selected Li-COs as the lithium compound.
Material and energy flow for this compound are in Dunn et al. (2014). We chose diammonium
phosphate (DAP) as the phosphorous compound; GREET data for this compound are
documented in Johnson et al. (2013).

3Ll2C03 + 2F3304 + 6(NH4)2HP04 - 6LlFePO4_ [10]
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The iron compound we selected, FesO4, or magnetite, is mined. Luossavaara-
Kiirunavaara Aktiebolag (LKAB) in Sweden is one company that mines this compound. In 2011,
LKAB produced approximately 25 million tons of magnetite pellets (LKAB 2011). Table 5
contains the energy consumed during these operations. The resulting total energy consumed
(0.69 mmBtu/ton) is lower than the 2.0 mmBtu/ton processed and pelletized iron ore reported in
Keoleian et al. (2012) but higher than the 0.054 mmBtu/ton taconite mined reported in
Burnham et al. (2006). Given regional variations including ore grade and changes in technology
with time, however, these values are in reasonable agreement.
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Table 5 Energy Consumed in the Mining of Magnetite Pellets
(Source: LKAB 2011)

Amount Consumed
Energy Type (mmBtu/ton)
Diesel 0.11
Residual oil 0.16
Electricity 0.41
Total 0.68

The solid state LFP synthesis process itself comprises three steps. First, the mixture is
heated to between 500°C and 700°C. Then, it is cooled to room temperature. Finally, it is
reheated to between 700°C and 900°C to produce the final product. We approached energy
consumption calculations for this process as we did those for the solid-state preparation of NMC

and used Equations 6-8. We assumed that the first and second heating stages occur at 600°C and
800°C, respectively. We used a heat capacity for the solid mixture of 1.05 ch for each phase of
heating for Equation 7. To calculate goven, We used the parameters in Table 6 in Equation 8.

Table 6 Parameters for Equation 8 for the
Solid-State Preparation of LFP
(Source: Dai et al. 2012)

Parameter Value
P1 50 kW
11 13
P 100 kW
t2 13

As with the solid-state preparation of NMC, we assumed that an 8,300-L chamber
furnace with 33% efficiency was used. To calculate the amount of energy required per kg of
LiFePO4 produced, we next assumed that the volume of the mixture did not change and that the
reaction proceeded to completion. The density of LiFePO4 was assumed to be 3.6 g/mL
(Wilcox et al. 2007). This reaction was assumed to proceed to completion, and the consumption
of the reactants was assumed to be stoichiometric. In total, the purchased energy, all electricity,
consumed in the preparation step was 2.53 mmBtu/ton.

2.3 Preparation of LiCoO2 and Production of Its Precursors
As with our examination of LFP, we considered both hydrothermal and solid state

preparation techniques for the production of LCO. We describe each of these routes in the
following subsections.
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2.3.1 Solid State Production of LiCoO»

Figure 5 diagrams the solid-state technique modeled for producing LCO, which entails
calcining a compressed mixture of Co3Os, a lithium compound (Li.COs), and water
(Nakamura et al. 2000) at 725°C. Li,CO3z material and energy flow data are detailed in Dunn
et al. (2014).

Cobalt oxide (Co304) was assumed to be produced from heating a stoichiometric amount
of CoO from room temperature (25°C) to 900°C (Richardson 2003). GREET already contains
energy consumption and emissions associated with CoO mining. The heat capacity of CoO was
necessary to use Equation 7 and calculate the heat consumed in producing CozOa4. The average
heat capacity at the final and initial temperatures in the CoO heating process was used (NIST ).
We assumed that the heating energy would be provided by a natural gas-fired, 80% efficient
furnace. The resulting energy consumed to produce Co304 is 0.67 mmBtu/ton.
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For the preparation step itself, we followed the same approach as we have used for the
solid state preparation of NMC and LFP (see Equations 6-8). The furnace volume was set at
8,300 L, its efficiency at 33%. The calcining step was assumed to take place at 725°C for
6 hours, drawing 81 kW. It was necessary to determine the amount of product mass generated
within the 8,300-L reactor. In this calculation, we assumed that 1% of the total mass of the input
to the calciner was water and that the density of the molded mixture was 1.5 g/mL (Nakamura
et al. 2000). (These assumptions, based on the patent, allowed for calculation of the reactants and
therefore the products.) We also assumed that the CozO4and Li2COz were reacted at molar ratio
and the reaction proceeded to completion.

The calcination step for energy consumption was calculated with Equation 7 using a Cp
of 1.05 gLC and a change in temperature of 700°C. In summary, the total amount of purchased

energy (electricity) consumed in the production of LiCoO: in the solid-state synthesis step is
1.20 mmBtu/ton. During the calcination step, 204,145 g CO»/ton are emitted from burning off of
the carbonate group in Li2COs.

2.3.2 Hydrothermal Synthesis of LCO

The hydrothermal route to LCO has several precursors that have been discussed in this
document or other cited references (e.g., HCI, LiOH, NaOH) and several unique precursors for
which we develop material and energy flow data in the following subsections. Figure 6 sketches
out the cradle-to-gate pathway for this cathode material prepared hydrothermally (Ado et al.
2002).
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2.3.2.1 Production of CoCl,

Richardson (2003) describes a process, outlined in Figure 7, which produces CoCl> from
a reaction between HCI and CoO. A drying step is needed to remove the co-produced water. To
calculate the energy consumed in this process, we calculated the energy demand for each of the
three heating steps with Equation 7. Although heat capacity data for aqueous solutions of CoCl;
exist, these data are for significantly more dilute solutions (Spitzer et al. 1978). We therefore
used a weighted average heat capacity for CoCl, and H20O for each step. The process has a low
energy intensity of 0.4 mmBtu/ton CoClo.

_HO  React  S0CROHQ o isoec COCk2HG ot gee SOCH0 L o qa0ec _COCl,

CoO

Figure 7 Cradle-to-Gate Production of CoCl;
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2.3.2.2 Production of Sodium Chlorate

Sodium chlorate (NaClO3) is produced from sodium hydroxide (Schlag 2012). Hydrogen
IS a co-product. The total energy consumed in the process was allocated between hydrogen and
sodium chlorate on an economic basis as shown in Equation 10.

ETotal CNacClo3MNacClo
Enacios, = ——— X : : [10]
MTotal  CNacClosMNacClo3+CH,MH,

where:

Enacios is the energy intensity of sodium chlorate production;

Etotal is the total process energy consumed (17 mmBtu/ton product);
Mota is the total mass of products (Hz2 and NaClOs) (1.1 ton);
Cnaclos = the cost per ton of NaClOs ($645/ton);

Mnacios 1S the mass of NaClOs produced (1 ton);

CH2 is the cost of H2 ($1,580/ton) (DOE 2012); and

mu2 is the mass of Hz produced (0.06 ton).

Economic allocation provided more reasonable results than the displacement co-product
handling technique in which the sodium chlorate receives credit for displacing hydrogen
production from natural gas. This latter technique produced distorted results given that hydrogen
production is energy intensive. Mass allocation was similarly unsuitable because of the low mass
of hydrogen, which belies its economic importance. Energy allocation was not possible because
sodium chlorate is not an energy product. With economic allocation of burdens among
co-products, we calculated that production of one ton of NaClO3z consumes 14 mmBtu/ton.

Consumption of the raw material, NaCl (Schlag et al. 2008), was also allocated between
NaClOs and the hydrogen by-product by economic allocation. The resulting value is 0.49 ton
NaCl/ton NaClOs. GREET values for NaCl production derive from Franklin Associates (2011).

2.3.2.3 Hydrothermal LCO Preparation

The calculations to estimate the energy intensity of hydrothermal LCO preparation follow
those of the hydrothermal preparation of LFP and NMC. Table 7 lists the parameters used in
Equations 3-5 in the case of LCO. To calculate the energy consumed in heating the water for the
reaction, we used the reactor loading rates of water and CoCl,-6H>0 provided in Ado et al.
(2002) and assumed the ratio of CoCl:LiCoO> would be 1:1. Material demand for LiOH was
also based on stoichiometry. Amounts of NaClOs (the oxidizing agent) and NaOH (which helps
the oxidizing agent dissolve) were based on Ado et al. (2002). We assumed that in a full-scale
process, the reaction medium would be recycled after precipitation of LCO such that 90% of
NaOH would be recycled. The corresponding energy intensity of hydrothermal preparation of
LCO was 29 mmBtu/ton. In addition, 99.7% of the purchased energy is natural gas.
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Table 7 Parameters for Equations 3-5 for the
Hydrothermal Preparation of LCO in a 10,000-L

Reactor
Parameter Value
X 0.1m
A 0.04 W/(m K)
To 50°C
T, 225°C
T 2 hours

2.4 Preparation of LMR-NMC and Production of Its Precursors

This cathode material is relatively new and is not in high-volume production
(Thackery et al. 2007). Many different preparation methods are reported in the literature
(e.g., Wang et al. 2009, Kang et al. 2006). Figure 8 shows the pathway from raw material to final
product for LMR-NMC that has been adopted in this analysis. Variations of this process include
production by co-precipitation (Gallagher et al. 2011) using different metal oxide precursors
(Kang et al. 2006) and pelletizing intermediates, among others. To reiterate, the energy
consumption estimates developed in this report are to serve as first estimates of the impacts of
producing these cathode materials for batteries and are subject to considerable uncertainty.
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We estimated that the preparation of the metal hydroxide precursor to LMR-NMC has the
same energy intensity as that of preparing Nio.sC0o2Mno.4(OH)2 (Section 2.1.2). The resulting
energy consumption (1.4 mmBtu/ton, 90% natural gas) was slightly different than that reported
in Section 2.1.2 because of the slightly different amounts of metals between the two compounds.

The preparation of the cathode material was assumed to occur through firing at 900°C of
the metal hydroxide precursor and lithium carbonate in an oxygen-rich environment (Wang et al.
2009). On the basis of an estimate of the energy intensity of calcining (Dunn et al. 2014), we
estimate the energy intensity of this process to be 3.0 mmBtu/ton LMR-NMC.

2.5 Preparation of Graphite

In 2012, the U.S. produced 141,000 t of synthetic graphite, and imported 122,000 t of
synthetic graphite, mostly in the form of graphite electrodes, from Japan (25%), China (18%),
Canada (14%), India (13%), Russia (11%), Mexico (10%) and other countries. In contrast,
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domestic production of natural graphite is nonexistent, while U.S. imported a total of 56,700 t of
natural graphite in 2012, 35% from Mexico, 33% from China, 21% from Canada, and the rest
from other countries (USGS 2012).

The consumption of natural graphite was for refractories, foundries, and crucibles (39%);
metallurgical uses (28%); parts and components (10%); lubricants (9%); batteries (9%) and other
uses (5%), whereas high-purity synthetic graphite is mainly used as a carbon raiser additive in
iron and steel (USGS 2012).

As of 2010, natural graphite is the preferred anode material for LIBs due to its
significantly lower cost compared with synthetic graphite, and represents over half of the LIB
anode market (Yoshino 2014). The large battery plant Tesla proposed to build is going to use
natural graphite primarily as the anode material (The Gold Report 2014). However, considerable
amount of synthetic graphite is also used in LIBs, and its market share is expected to grow (Shaw
2013), because of its better electrochemical performance, and resource security concerns (USGS
2012).

2.5.1 Synthetic Graphite Manufacturing

Synthetic graphite is generally made from pet coke and coal tar pitch (Jager et al. 2010).
Pet coke is typically produced from delayed coking of residues from the thermal processing of
crude oil (Predel 2014), while coal tar pitch, derived from coal, is often a byproduct from the
coke oven for steel production (Blumer et al. 2011). Coal tar pitch Pet coke is the main raw
material, and coal tar pitch serves as the binder, with an average content of 15-30% (Jager et al.
2010).

Coke produced from coal out of a coke oven can also be used as the primary raw
material. However, it would lead to nitrogen puffing problems (irreversible expansion due to
release of nitrogen) during the graphitization process, and therefore is not considered in this
analysis (Jager et al. 2010).

The industrial production process for synthetic graphite is depicted in Figure 1. The
process starts with grinding and sizing the petroleum coke. Once the milled product meets the
grain size requirement, which varies depending on the final application of the synthesized
graphite, the ground coke is sent to the mixer to be blended with the coal tar pitch in the desired
proportions. The mixers are heated to keep the coal tar pitch in liquid state, allowing the pitch to
partially penetrate the pores of the coke during mixing. The mixture coming out of the mixer is
cooled from 160-170 °C to around 100°C, and then fed into an extruder or a press for subsequent
forming. The purpose of forming is to maximize the density of the mixture and shape the mixture
into the form and size of the final product as close as possible. The formed product is
subsequently heated to 800-1000 °C in a natural gas-fired furnace. During this baking
(sometimes also referred to as carbonization) process, which usually lasts 18-24 h, the coal tar
pitch is converted into coke, accompanied by a 30-40% weight loss. To improve the properties of
the final graphite, often the baked mixture is impregnated with pitch and rebaked before it is sent
to the graphitization furnace. In the graphitization furnace, which is exclusively powered by
electricity, the mixture is slowly fired to around 3000 °C for the formation of graphite crystals.
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This process typically takes 3-5 days in Acheson furnaces. Adding cooling time, the whole cycle
can take up to 3 weeks. Depending on final application, the manufactured graphite may undergo
subsequent refining, machining, coating and other processes before distribution.
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Figure 9. Process Flow Chart for Synthetic Graphite Production
2.5.2 Material and Energy Inputs to Synthetic Graphite Production

The starting materials are assumed to be 80% petroleum coke and 20% coal tar pitch, as
reported by a synthetic graphite manufacturer (Tamashausky 2006). Assuming a 90% carbon
content for coke (Jager et al. 2010), a 40% weight loss for the coal tar pitch during baking (Hupp
et al. 2003), and not considering other losses, the material inputs for 1 kg synthetic graphite are
calculated to be 0.95 kg coke and 0.24 kg pitch. This translates into an overall conversion rate of
~83%, and is in agreement with Notter et al., who reported a material input of 1.2 kg coke per kg
graphite, citing personal communication with a major synthetic graphite manufacturer in Europe
(Notter et al. 2010).

Energy consumption for synthetic graphite production has been reported in a few LCA
studies. Notter et al. added 1.2 kg coal and 1 kWh electricity to the LCI of natural graphite
production to represent the production of 1 kg of synthetic graphite (Notter et al. 2010). The
energy input of 1 kWh/kg (3.10 MMBtu/ton) was derived from thermodynamic calculation,
assuming an initial temperature of 20°C, a final temperature of 2800°C, a constant specific heat
of 1.15 kJ/(kg.K), and an additional 10% heat to hold the temperature in the furnace (Hischier et
al. 2009). Based on the polynomial describing specific heat as a function of temperature (Butland
and Maddison 1973), the specific heat of graphite is 0.69 kJ/(kg.K) at 20°C , and 2.23 kJ/(kg.K)
at 2800 °C. The assumed constant specific heat of 1.15 kJ/(kg.K) by Notter et al was not a good
approximation, and the rationale behind this assumption was not clear. In addition, their
calculation did not take into account the efficiency of the furnace. Therefore, their estimate of
energy consumption is not considered in this analysis. In another study, Majeau-Bettez et al
approximated the production of synthetic graphite by carbon anode baking of the aluminum
industry, and estimated the energy requirement to be 4.8-5.2 MJ/kg (4.13-4.47 MMBtu/ton)
(Majeau-Bettez et al 2011). However, carbon anodes for aluminum smelters are typically
produced from coal pitch and pet coke by heating the mixture at 1000-1200°C (Frank et al.
2012). Therefore, carbon anode baking is fairly representative of the baking stage for synthetic
graphite production, but does not account for the energy requirement of the graphitization
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process. For this reason, the energy consumption estimate by Majeau-Bettez et al. is not used in
this analysis either.

Baking and graphitization are the two most energy-intensive processes in graphite
synthesis. The baking furnace is fueled by natural gas, whereas the graphitization furnace is
electric (Jager et al. 2010). Assuming variable specific heat for graphite (Butland and Maddison
1973), thermodynamic calculations return a theoretical heat demand of 1.50 MJ/kg (1.29
MMBtu/ton) and 4.25 MJ/kg (3.66 MMBtu/ton), for baking and graphitization processes
respectively.

The average electricity consumption of an Acheson furnace, which is the mainstream
graphitization furnace, is estimated to be 4.5 kWh/kg, or 16.2 MJ/kg (13.93 MMBtu/ton) of
graphite (Hupp et al. 2003). Dividing the theoretical energy requirement of 4.25 MJ/kg (3.66
MMBtu/ton) by the industry average of 16.2 MJ/kg (13.93 MMBtu/ton) electricity input, the net
efficiency for the graphitization process is estimated to be around 26%. This is consistent with
the case of silicon carbide production, which is another industrial process utilizing the Acheson
furnace (Guichelaar 1997). The Acheson process to produce silicon carbide involves heating
silicon sand and ground coke at 2200-2700 °C for a prolonged period. The theoretical specific
energy requirement for this process is estimated to be 2.2 kWh/kg (6.81 MMBtu/ton), while the
actual electricity consumption ranges from 6 kWh/kg to 12 kWh/kg (Gupta et al. 2001), which
corresponds to a net efficiency of 36.6% and 18.3%, respectively. Although the 26% efficiency
is lower than the thermal efficiency of non-regenerative electrical furnaces, which typically
ranges from 35% to 50% (Dryden 1982), it seems reasonable, as the energy needed to maintain
the temperature after the initial heating is not accounted for in the thermodynamic calculation.

The amount of energy consumed by the baking furnace and the furnace efficiency is not
reported in literature. Considering the lower temperature and the shorter cycle time for the
baking process, although additional heat is also needed to maintain the baking temperature after
the initial heating, this additional heat requirement and the heat loss may be moderate compared
with that of graphitization. The efficiency for the baking furnace is therefore assumed to be 25%,
which is typical of natural gas furnaces used in the metal and glass industries (Dryden 1982,
DOE 1999).Since baking is where the weight loss predominantly happens, factoring in the 83%
conversion rate, and the 25% efficiency of the furnace, the natural gas intensity of the baking
process is approximately 6.0 MJ/kg (5.15 MMBtu/ton) of produced graphite.

It should be noted that, the energy consumption estimated for the baking process could be
on the higher end, due to the use of the specific heat of graphite as a substitute for that of coke
and pitch, which is reportedly lower (Long et al. 2015). The reason for the substitution is that no
reliable variable specific heat data was available for coke and pitch.

Both coal tar pitch and pet coke contain impurities such as sulfur, nitrogen and ash. When
calcined, these impurities would burn off and result in emissions of criteria pollutants. These
emissions are mostly from the baking stage, and can be estimated from stoichiometric calculation
based on the impurity contents for coal tar pitch and pet coke. In this analysis, it is assumed that
coal tar pitch has a hydrogen content of 5%, an oxygen content of 2%, a nitrogen content of
1.3%, a sulfur content of 0.8%, and an ash content of 0.3% (Blumer et al. 2011) , whereas pet
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coke has a sulfur content of 3.5% and an ash content of 0.4% (Predel 2014). It is also assumed
that all nitrogen will be converted into NO2, sulfur into SO2, and ash into PM. As
aforementioned, 10% and 40% of weight loss is expected during baking for pet coke and coal tar
pitch respectively. Subtracting the contents of known impurities, the remaining weight loss of
6.1% for pet coke, and 30.6% for coal tar pitch is attributed to the volatilization of volatile
combustible matter, which is assumed to be carbon and is released as CO. during baking.

2.5.3 Summary of Material and Energy Flow for Synthetic Graphite Production

The estimated material input, energy input and emissions for synthetic graphite
production is summarized in Table 8. The production is assumed to be based in China, so
Chinese national grid mix is used for the electricity consumption. As mentioned earlier, carbon
anode baking can serve as a good surrogate for the baking stage. For comparison purpose, the
energy consumption and process emissions for carbon anode production as reported by the
Aluminum Association (The Aluminum Association 2013) are listed alongside our own
estimates for graphite baking. It should be noted that our estimates of process emissions do not
account for emission control technologies, whereas the Aluminum Association reported
controlled emissions.

Table 8 Material and Energy Inputs for the Production of 1 ton of Synthetic Graphite

Carbonization | .y, A?Sr?i(r)\ﬂgngcsiseotg?aktligg 2013) | Craphitization
Material inputs (ton/ton)

Pet coke 0.95 0.99
Coal tar pitch 0.24 0.22
Purchased energy inputs (MMBtu/ton)

Residual oil 1.8

Diesel 0.33

Natural gas 5.1 2.4

Electricity 0.57 14

Total 51 5.2 14
Non-combustion Emissions (g/ton)

NOx 9,300 760

PM 4,100 320 ---

SO« 64,000 4,100

CO: 440,000 150,000

It is worth mentioning that currently, synthetic graphite is predominantly (>85%)
consumed as electrodes in electric arc furnaces for steel production (J&ger et al 2010 and Hupp et
al 2003). Graphite electrodes are primarily produced from needle coke, as opposed to the pet
coke that we assumed in this analysis (Adams et al. 2007). One manufacturer of synthetic
graphite also uses needle coke as the filler material for their high-quality graphite products
(Tamashausky 2006). Needle coke is produced by calcining pet coke at ca. 1300°C under
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reducing conditions in kilns (Jager et al. 2010). This pet coke calcination process may entail
additional energy consumption. However, it was not clear how the use of needle coke instead of
pet coke would affect the graphitization process, especially in terms of energy requirement. In
absence of good data, pet coke is assumed as the raw material for synthetic graphite for LIB
applications. This assumption should be revisited when data on synthetic graphite production
from needle coke becomes available.

At times, graphite may be blended with silicon to form the anode material. GREET
contains a battery design that pairs a Gr/Si anode mix with the LMR-NMC cathode. Material
and energy flow data used in GREET for silicon production is in Benavides et al. (2015).

2.6 Preparation of Metallic Lithium as an Anode Material

Lithium is primarily produced from continental brines and pegmatites (mainly
spodumene), with continental brines as the dominant and most economical lithium source
(USGS 2013a). In 2013, the United States produced 870 metric tons of lithium from one brine
operation in Nevada, and imported 2,210 metric tons of lithium, among which 50% was from
Chile, and 46% was from Argentina. Both Chile and Argentina produce lithium from brines of
salars (Wietelmann and Steinbild 2014). Lithium production from spodumene is mostly based in
Australia, although China also produces large quantities of lithium from imported mineral
concentrates (Kamienski et al. 2004). Global lithium consumption in 2013 was estimated to be
34,200 metric tons. 35% of consumed lithium was used as flux in ceramics and glass production,
31% was for batteries, 8% in lubricating greases, 6% in continuous casting mold flux powders,
5% for air treatment, 5% in polymer production, 1% in primary aluminum production, and the
rest for other uses (USGS 2013a). Due to predicted increase in global lithium consumption,
deeper penetration of lithium production from spodumene is expected in the future. Economical
lithium production from geothermal and oilfield brines are also under investigation (Wietelmann
and Steinbild 2014, Stamp et al. 2012).

It should be noted that the majority of lithium consumed in batteries is in the form of
lithium compounds as precursors for cathode materials (Goonan 2012). The production of
lithium compounds for the cathode of LIBs are described elsewhere (Dunn et al. 2014). In this
section, we focus on the production of metallic lithium, which is a promising anode material for
LIBs (Brodd 2009), and is the proposed anode material for next-generation batteries, such as
lithium-sulfur (Wang et al. 2011), and lithium-air batteries (Girishkumar et al. 2010).

2.6.1 Metallic Lithium Production from Brine

The process of metallic lithium production from brine is shown in Figure 10. Lithium
carbonate production from brine needs to be adapted to each salar based on Li concentration,
Li/Mg ratio, evaporation rate, etc. In Chile, in the Atacama region, brines are pumped to a series
of solar ponds for salts to crystalize successively before the brine reaches the final concentration.
At the Silver Peak facility in Nevada, brine is treated with lime to precipitate magnesium before
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being pumped to the solar ponds. In the high altitudes at which brine is produced in Argentina,
the brine is concentrated through selective adsorption by hydrated alumina-lithium chloride
granules before it enters the pond system.

Pump from
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v
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Evaporation
Ponds
} LiBrine

Process

!

KClI o
i LiCl
Melting at <I_ Compact
ca. 450°C P

l Cl;

Electrolysis ————

l

Vacuum  Limetal
distillation ———

at ca. 800°C

Figure 10 Process Flow Chart for Metallic Lithium Production

The concentrated brine then undergoes additional purification steps to remove impurities
of boron, magnesium and calcium. Boron is usually removed by liquid-liquid extraction. The
addition of soda ash removes magnesium, and the addition of lime precipitates additional
magnesium and sulfate residues. Soda ash is then added to the purified LiCl to form Li>COs.
Material and energy flows for LioCOz in GREET are described in Dunn et al. (Dunn et al. 2014).

The industrial production of metallic lithium is exclusively through electrolysis of molten
LiCl. In addition to the cell feed of anhydrous LiCl, KCl is also supplied to the cell as the solvent
and supporting electrolyte. The presence of KCI lowers the melting point for the eutectic, so the
reaction can occur at ca. 400-460°C. In addition, the decomposition potential of KCI is higher
than that of LiCl, which limits the formation of K during the electrolysis process. The theoretical
power consumption of the electrolysis process is 14.2 kWh/kg (44.0 MMBtu/ton) lithium, while
the actual consumption ranges from 28 to 32 kWh/kg (86.7 to 99.1 MMBtu/ton) lithium
(Wietelmann and Steinbild 2014).
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Lithium obtained directly from the electrolysis process has a purity of 97-99.5% (Di
2005). Depending on final application of the lithium, further refining may be necessary. Vacuum
distillation is one of the common refining technologies for lithium (Yu et al. 2011). The
distillation process takes place in an electric chamber at ca. 600-800°C, separating lithium from
the impurities through vaporization (Chen et al. 2002).

2.6.2 Calculation of Material and Energy Flows of Metallic Lithium Production

As the production of LioCO3 from lithium brine has been examined in GREET, this
analysis only focuses on lithium electrolysis and distillation. LiCl is assumed to be imported
from Chile, and the electrolysis and distillation is assumed to be based in the U.S. For the
electrolysis process, the eutectic typically contains 35-45 mole percent KCI (Sadoway 1998).
However, the consumption of KCI in the electrolysis reaction is not as significant compared with
that of LiCl. Material inputs of 6.5 ton LiCl and 1.5 ton KCI are reported in (Di 2005) for the
production of 1 ton metallic lithium. For the distillation process, no material input is needed.

In addition to the metallic lithium, the electrolysis process also produces chlorine. To
account for this coproduct, mass allocation was applied when compiling material and energy
flows pertaining to heating and melting the eutectic, as well as electrolysis, and the amount of
chlorine formed per ton of produced lithium was found by stoichiometry. Mass allocation was
chosen in this analysis because it is based on physical relationship between the products and is
not subject to changes over time. For readers who are interested in exploring economic value-
based allocation, the 10-yr average price for chlorine over 2004-2013 is $250/ton (OrbiChem
2013). The price for metallic lithium averaged $71632/ton over 2001-2010 (USGS 2013b).

Electricity consumption for the electrolysis is reported in a few studies (Wietelmann and
Steinbild 2014, Di 2005, Sadoway 1998). An electricity input of 32 kWh/kg (99.1 MMBtu/ton)
Li (Wietelmann and Steinbild 2014, Di 2005), is assumed in this study, slightly below the 35
kWh/kg (108.3 MMBtu/ton) Li value reported by Sadoway. The energy requirements for heating
up the eutectic before the electrolysis and vacuum distillation are estimated by Equation 11.

E=m=*C,xAT +m=L)/n [11]

Where:

m represents the mass of lithium;

C, represents the specific heat of lithium;

AT represents the difference between the initial temperature and final temperature of the
process;

L represents the latent heat of lithium; and

n represents the efficiency of the furnace used for the process.

The specific heat and the heat of fusion for the LiCI/KCI mixture is obtained from
literature (ORNL 1953), the specific heat for liquid lithium is obtained from a NASA report
(Davison 1968), and the heat of vaporization for metallic Li is obtained from the Chemistry
Webbook database of National Institute of Standards and Technology (NIST). These
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thermochemistry data were summarized in Table 9. Assuming an initial temperature of 20°C, a
final temperature of 450°C, and a furnace efficiency of 35% (the average efficiency of a natural
gas furnace used in the metal casting industry as found on the website of Minnesota Technical
Assistance Program by the University of Minnesota), the heat requirement for heating up and
melting the eutectic is estimated to be 16.4 MJ/kg (14.1 MMBtu/ton) Li. The furnace is assumed
to be fired by natural gas. As the lithium feed to the distillation chamber comes directly from the
electrolysis process, an initial temperature of 450°C is assumed for the distillation process. The
final temperature is assumed to be 800°C, and 45% (the average efficiency of an electric arc
furnace) is used as an approximation for the efficiency of the electric chamber (University of
Minnesota 2011). The electricity consumption for the distillation process is then calculated to be
54.3 MJ/kg (40.2 MMBtu/ton) Li.

Table 9 Thermochemistry properties for the eutectic and metallic lithium

m To (°C) | T(°C) | Cpa(kI/kg.K) | Cp2(kI/kg.K) L
(kg/kg Li) (kJ/kg)
Heating 8 20 450 0.964 1.341(T>351°C) 268
eutectic (up to 351°C)
Distillation 1 450 800 4.169 22,954

2.6.3 Summary of Material and Energy Flow for Synthetic Graphite Production

Material and energy flow data adopted for production of metallic lithium in GREET are
summarized in Table 10 . It should be noted that there is substantial uncertainty associated with
the energy consumption for the vacuum distillation process. A large consumption of 52 kWh/kg
(161.0 MMBtu/ton) Li has been reported (Yu et al. 2011). This value is not used in the analysis
because it would not make sense for the refining process to consume more energy than the
electrolysis process. Unfortunately, the literature contains very little information about lithium
refining and the steps involved in terms of energy consumption. At this point, it is also unclear
whether lithium refining is the industry norm, especially for lithium used as anode for LIBs.
These data are adopted in GREET to allow users to explore estimates of lithium-containing
anodes for lithium ion batteries.

Table 10 Material and Energy Inputs for the Production of 1 ton Metallic Lithium

Heating and melting the Electrolysis Vacuum
eutectic Distillation

Material inputs
LiCl (ton) 6.5
KCI (ton) 1.5
Energy inputs
Natural gas 14
(MMBtu)
Electricity (MMBtu) 99 47

30



3 BATPAC MODELING OF BATTERIES WITH DIFFERENT CATHODE MATERIALS

The amount of cathode material needed in a battery is dependent upon the properties of
the cathode material. The BatPaC model takes these properties into account and designs a battery
for either an HEV, PHEV, or BEV based on a user-specified cathode material and battery
performance parameters that depend on the type of battery being designed (e.g., power or
energy). One key purpose of BatPaC is to allow users to change battery chemistries and design
requirements to estimate the manufacturing cost of a battery pack in 2020 for either an HEV,
PHEV, or BEV. The model represents present-day technology and manufacturing practices, and
further assumes it will still be in use in 2020, while it also allows for some efficiency
improvements to yield a more energy-dense battery.

BatPaC adopts a prismatic pouch cell structure, as shown in Figure 11. The pouch is
made of a trilayer polymer/aluminum material. Aluminum and copper foils serve as the current
collectors at the cathode and anode, respectively. The anode is coated on both sides with
graphite. The cathode material can be one of five chemistries, as described below. A polymeric
binder material holds the active material particles together, and a porous membrane separates the
two electrodes. The pores of both this separator and the active materials are filled with an
electrolyte, modeled in BatPaC as LiPFs (lithium hexafluorophosphate) in an organic solvent
containing linear and cyclic carbonates. During discharge, the lithium ions move from the anode
to the cathode while the electrons travel through the current collectors and the external circuit to
perform external work. BatPaC models these cells as being enclosed in a module (Figure 12);
there are six modules per battery.

+ - +
e
—
negative positive
electrode electrode

separator

Figure 11 Cell Chemistry in a Lithium-lon Battery
(Source: Nelson et al. 2011)
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BatPaC users can select from among the following five battery chemistries:
Lithium nickel cobalt aluminum oxide with a graphite electrode (NCA-G)
Lithium nickel manganese cobalt oxide with a graphite electrode (NMC-G)
Lithium iron phosphate with a graphite electrode (LFP-G)

Lithium manganese spinel with a titanium dioxide electrode (LMO-LTO)
Lithium manganese oxide spinel with a graphite electrode (LMO-G)

agbrwnE

For this report, we used BatPaC to calculate the compositions for NMC-G, LFP-G, and
LMO-G. In addition, lithium cobalt oxide with a graphite anode and LMR-NMC with a
graphite/silicon anode were added to BatPaC and examined. The batteries were model with the
parameters summarized in Tables 11-13, developed on the basis of data from Argonne’s
Autonomie model (Argonne 2011) for mid-sized vehicles in 2015. For PHEV batteries, we ran
BatPaC using two different power requirements, 60 kW and 149 kW, in order to model both split
and series PHEV batteries. In addition, the numbers of cells in each battery were varied in order
to achieve a reasonable voltage based on vehicle type. For HEV batteries, we aimed for the
voltage to be around 260 V, whereas for PHEV and EV batteries we aimed for a voltage of about
360 V. The resulting compositions from these models can be found in Appendix A.

Table 11 HEV Parameters from BatPaC

LMO NMC LFP
Power (kW) 30 30 30
Energy (kWh) 2 2 2
Energy Requirement (Wh/mile) 220 220 220
Cells in Battery 72 72 76
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Table 12 EV Battery Parameters from BatPaC

LMO LCO NMC LFP LMR-NMC
Power (kW) 80, 115, 149 | 80, 115,149 | 80, 115, 149 | 80, 115, 149 | 80, 115, 149
Energy (kWh) 28 28 28 28 28
Energy 220 220 220 220 220
Requirement
(Wh/mile)
Cellsiin 96 96 96 100 100
Battery
Table 13 PHEV Battery Parameters from BatPaC

Series PHEV Split PHEV
LMO NMC LFP LMO NMC LFP

Power (kW) 149 149 149 60 60 60
Energy (KWh) 9 9 9 9 9 9
Energy Requirement 220 220 220 220 220 220
(Wh/mile)
Cells in Battery 96 96 100 96 96 100
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4 CONCLUSIONS AND FUTURE WORK

With the material and energy flow data entered into GREET, we calculated total (full fuel
cycle) energy consumption associated with the production of each of the cathode materials.

Table 14 contains these values and documents the major contributor to total energy
consumption, as well as the contribution from the preparation step (the step from which the
cathode material is prepared from its immediate precursors), either SS or HT. Production of
cobalt-containing cathode materials is the most energy intensive. In cathode materials that
contain cobalt or nickel, these compounds contribute the most to the total energy consumed in
producing that cathode. For cobalt-containing cathodes, the preparation step contributed less than
15% to the total energy consumption. For cathode materials with a lower overall energy
intensity, the preparation method could contribute more than half of the total energy
consumption. Hydrothermal preparation techniques were estimated to be more energy intensive
than solid state techniques because of the energy consumed in heating the solvent. With the
preparation step being a relatively minor contributor to the total energy consumed in cathode
production, battery recycling could prove a valuable technique to recover constituent cathode
material, such as cobalt, at a lower energy intensity than recovering and processing virgin cobalt.

Table 14 Total Energy Consumed in Preparing Cathode Materials

Preparation Step Major
Energy Energy Contributor
Consumption | Consumed® | Contribution to Energy | Contribution

Cathode (mmBtu/ton) | (mmBtu/ton) | to Total (%) | Consumption (%0)
NMC 135 4.5 3 NiO 40
LMR-NMC 100 3.0 3 CoO 30
LCO (SS) 150 2.6 2 CoO 88
LCO (HT) 251 32 13 CoO 53
LFP (HT) 48 35 71 LFP 71

preparation
LFP (SS) 39 6 16 Fe304 40
LMO? 26 15 56 LMO 56

preparation

& Some minor revisions have been made to GREET data for this pathway. Please see Dunn et al. (2014).

b Full fuel cycle energy calculated in GREET from purchased energy values reported herein.
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Battery composition varies slightly with cathode type because less of the cathode material is
needed in batteries with higher-capacity cathode materials. Figure 13 shows that a BEV battery
with LMR-NMC has significantly less cathode material than a battery with LMO because the
capacity of LMR-NMC is more than double that of LMO. Comparing 149-kW EV batteries as
specified in Table 12 with different cathode materials, the battery with the highest-capacity
cathode material, LMR-NMC, has the lowest total mass (Figure 14).
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Figure 13 Variation in BEV Battery (149 kW) Composition with Cathode Type
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Figure 14 Variation in BEV Battery Mass with Cathode Type

Going forward with this analysis, we will publish a paper with a full analysis of the
production of cathodes for lithium-ion batteries and the influence of cathode identity on electric
vehicles’ life cycle energy consumption and emissions. The paper will also consider the potential
of battery recycling to reduce the energy and environmental impacts of cathode and battery
production. We will develop more detailed analysis of the production of nickel and cobalt from
different types of ores (e.g., sulfide, laterite) by different purification techniques. Further
development of lithium ion battery in GREET will focus on other battery components, such as
the anode and electrolyte.
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APPENDIX A MASS INVENTORY SUMMARY

Tables A-1 through A-4 in this appendix summarize BatPaC results for the compositions of
hybrid electric vehicle (HEV), plug-in HEV (PHEV), and battery EV (BEV) batteries with
different cathode materials. The lithium and manganese-rich metal oxide
0.5Li2Mn0O3-0.5LiNi0.44C00.25Mnp 3102 (LMR-NMC) and lithium cobalt oxide (LiCoO3, or LCO)
are provided as cathode options only for BEV batteries because they are used primarily in high-
energy applications. The sums of reported weight percentages may not total to 100% because of
rounding.

Table A-1 Mass Inventory for Varying Cathode Materials for the HEV

Material (Wt%) LFp2 NMC LMOP
Active Material 17 16 25
Wrought Aluminum 22 23 20
Copper 15 19 12
Graphite/Carbon 11 10 11
Electrolyte: Ethylene Carbonate 5.7 4.0 4.1
Electrolyte: Dimethyl Carbonate 5.7 4.0 4.1
Electrolyte: LiPFs 2.0 1.4 1.4
Electronic Parts 10 10 11
Steel 3.5 3.3 3.3
Binder 1.4 1.4 1.9
Polypropylene 2.3 2.8 1.8
Polyethylene 0.35 0.48 0.23
Polyethylene Terephthalate 2.2 2.0 2.0
Glycol (coolant) 1.9 1.8 1.9
Thermal Insulation 0.36 0.34 0.36
Total Mass (kg) 24 23 21

& LFP = lithium iron phosphate (LiFePQy).

b MO = lithium manganese oxide.
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Table A-2 Mass Inventory for Varying Cathode Materials for PHEVs

Split PHEV Series PHEV

Material (Wt%) LFP NMC LMO LFP NMC LMO
Active Material 22 24 30 17 15 27
Wrought Aluminum 23 22 21 27 26 22
Copper 12 13 11 19 25 15
Graphite/Carbon 14 16 13 11 9.7 12
Electrolyte: Ethylene 6.9 4.8 4.8 6.3 4.7 4.8
Carbonate

Electrolyte: Dimethyl 6.9 4.8 4.8 6.3 4.7 4.8
Carbonate

Electrolyte: LiPFs 2.4 1.7 1.7 2.2 1.6 1.7
Electronic Parts 2.8 3.5 3.1 2.2 2.2 2.8
Steel 2.2 2.0 2.0 2.1 2.0 2.0
Binder 1.9 2.1 2.3 1.4 1.3 2.1
Polypropylene 2.0 2.0 1.8 2.9 3.7 2.2
Polyethylene 0.30 0.32 0.26 0.52 0.75 0.38
Polyethylene Terephthalate 1.9 1.7 1.7 1.8 1.6 1.7
Glycol (coolant) 2.0 2.3 1.7 1.2 1.1 1.3
Thermal Insulation 0.36 0.37 0.35 0.42 0.30 0.34
Total Mass (kg) 84 68 76 107 108 85
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Table A-3 Mass Inventory for Varying Cathode Materials in EV Batteries

80 kW 115 kW 149 kKW
Material (wt%) LFP | NMC | LCO | LMO | LFP | NMC | LCO | LMO | LFP | NMC | LCO | LMO
Active Material 24 30. 29 34 24 30. 29 34 24 28 29 34
Wrought Aluminum 20. 19 19 19 20. 19 19 19 20. 20. 20. 19
Copper 13 10. 10. 11 12 9.7 9.8 11 12 11 11 11
Graphite/Carbon 15 20. 19 15 15 19 19 15 15 18 18 15
Electrolyte: Ethylene Carbonate 7.7 5.4 5.4 5.4 7.8 5.4 5.4 5.4 7.8 5.4 5.4 5.4
Electrolyte: Dimethyl Carbonate 7.8 5.4 5.4 5.4 7.8 5.4 5.4 5.4 7.8 5.4 5.4 5.4
Electrolyte: LiPFg 2.7 1.9 1.9 1.9 2.7 1.9 1.9 1.9 2.7 1.9 1.9 1.9
Electronic Parts 1.0 1.4 1.4 1.1 1.0 1.4 1.4 0.33 1.0 1.3 1.4 1.1
Steel 1.6 14 14 14 1.6 14 14 14 1.6 1.4 1.4 1.4
Binder 2.1 2.6 2.6 2.5 2.1 2.6 2.6 2.6 2.1 2.5 2.5 2.5
Polypropylene 1.9 1.5 1.5 1.7 1.9 1.5 1.5 1.7 1.9 1.7 1.6 1.7
Polyethylene 0.33 0.24 0.24 0.29 0.33 0.24 0.24 0.29 0.33 0.30 0.28 0.29
Polyethylene Terephthalate 1.4 1.2 1.2 1.2 1.4 1.2 1.2 1.2 1.4 1.2 1.2 1.2
Glycol (coolant) 0.9 1.1 1.1 0.95 0.99 1.1 1.1 0.95 0.99 1.0 1.1 0.95
Thermal Insulation 0.35 0.37 0.37 0.33 0.35 0.37 0.37 0.33 0.35 0.36 0.37 0.33
Total Mass (kg) 230 170 160 210 230 170 160 210 230 180 170 210




Table A-4

Mass Inventory for Varying Anode Materials (with LMR-NMC as the Cathode) for EVs

80 kW 115 KW 135+ kW
Material (wt%) G? Gr-Si® G Gr-Si G Gr-Si
Active Material 21 29 21 26 20. 24
Wrought Aluminum 21 23 22 24 22 25
Copper 12 14 13 18 15 20.
Graphite/Carbon 22 6.8 22 6.0 20. 5.6
Electrolyte: Ethylene Carbonate 5.6 5.8 5.6 5.6 55 5.6
Electrolyte: Dimethyl Carbonate 5.6 5.8 5.6 5.6 5.5 5.6
Electrolyte: LiPFs 1.9 2.0 1.9 1.9 1.9 1.9
Electronic Parts 1.6 2.0 1.6 1.8 15 1.7
Steel 1.4 1.3 1.4 1.3 1.4 1.2
Binder 2.3 2.5 2.2 2.2 2.1 2.1
Polypropylene 1.7 2.0 1.8 2.5 2.1 2.8
Polyethylene 0.29 0.37 0.33 0.50 0.40 0.56
Polyethylene Terephthalate 1.2 1.2 1.2 1.2 1.2 1.2
Glycol (coolant) 1.3 1.8 1.3 1.4 1.1 1.3
Thermal Insulation 0.41 0.45 0.40 0.42 0.39 0.41
Total Mass (kg) 150 120 150 130 160 140

& G = graphite.

b Gr-Si = graphite silicon.
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